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We report the first formation of the metallic p-n junctions, the ferroelectric (Ba,Sr)TiO3
(BST) switched optimally electron-doped (n-type) metallic T’-phase superconductor, (La,Ce)2CuO4
(LCCO), and hole-doped (p-type) metallic CMR manganite (La,Sr)MnO3 (LSMO) junctions. In
contrast with the previous semiconductor p-n (p-I-n) junctions which are switched by the built-in
field V0, the present metallic oxides p-I-n junctions are switched by double barrier fields, the built-in
field V0, and the ferroelectric reversed polarized field Vrp, both take together to lead the junctions
to possess definite parameters, such as definite negligible reversed current (10−9 A), large break-
down voltage (>7 V), and ultrahigh rectification (> 2 × 104) in the bias voltage 1.2 V to 2.0 V
and temperature range from 5 to over 300 K. The related transport feature, barrier size effect, and
temperature effect are also observed and defined.
PACS numbers: 85.50.-n, 73.40.-c, 73.40.Ei, 74.78.Fk
Following the semiconductor technology, for which the
p-n junctions are the basic devices, the oxide electron-
ics, such as the high-TC superconductor (HTSC) elec-
tronics, spintronics based on the colossal magnetoresis-
tance (CMR) manganites, and so on, the oxide p-n (p-I-
n) junctions (oxide diodes) also are the basic devices, and
have been studied widely. One route, a hole-doped ox-
ide(s), currently, the p-type CMR manganite(s) is used,
which is deposited on the n-type semiconductor oxide
to form the p-n junctions [1, 2, 3, 4, 5, 6]. The other
route, the oxide insulator is used to sandwich the semi-
conductor p-type oxide and semiconductor n-type oxide
(or n-type pure semiconductor) to prepare the p-I-n junc-
tions [7, 8, 9]. It must be noted that the semiconductor
functional oxides are usually due to the under doping ,the
optimally doped p- and n-type oxide functional materials
are metallic phase oxides with their maximum functions.
Therefore, for really developing the oxide electronics and
making matchable oxide electronic circuits, exploiting a
way to prepare entire new oxide p-n junctions based on
the optimally doped metallic functional oxides is an im-
perative topic. It is known that the origin of the rectify-
ing function of the conventional semiconductor p-n junc-
tions is the formation of the potential barrier, called the
built-in field V0 in the junction interface based on the en-
ergy band structure of p- and n- type semiconductors[10].
For the metallic oxide p-n junctions, the energy band
structure in the interface is entirely different. Because
in the metallic state, the Fermi level lies within the con-
duction band for both sides of the junction, the built-in
field V0 can not be formed by p-region and n-region them-
selves, since no energy band bending can form, no rectify-
ing function can be induced, so no metallic p-n junctions
are developed so far. Therefore setting up the barrier po-
tential in the interface of the metallic p-n junction, i.e.,
making it into the metallic p-I-n junction is a crucial
topic. For this the key is the selection of the barrier ma-
terials. It has been shown that the conventional insula-
tor, such as SrTiO3 is not the energetic material to build
the high and wide enough barrier to get the stable rec-
tifying function even for the semiconductor oxide p-I-n
junctions[7, 8, 9]. In order to solve this problem, the very
possibility is to use the perovskite structural ferroelectric
as the barrier to form the metallic p-I-n junction, since
in the case of zero applied voltage, the ferroelectric can
act as an usual insulator, in which a built-in field V0 can
from as in the conventional p-I-n junctions; under the ex-
ternal bias voltage, the ferroelectric possesses reversible
polarization feature due to its spontaneous polarization
nature, resulting in the formation of a reversed polarized
field Vrp in the junction. Then in contrast to the conven-
tional insulator barrier, the ferroelectric barrier produces
double barrier fields, V0 and Vrp, which possibly induce
the rectifying function for the metallic oxide p-I-n junc-
tions. (Very recently, it is supposed that the ferroelectric
reversed polarized field can drive the tunneling junction
to have special function[11]).
In the present work, we developed a kind of metallic p-
I-n junctions by using the ferroelectric (Ba0.5Sr0.5)TiO3
(BST) as the barrier layer for its high dielectric con-
stant (>1000) and high Curie temperature (≥300 K),
the metallic phase ferromagnetic Sr-doped LaMnO3,
(La0.67Sr0.33)MnO3 (LSMO) with Curie temperature
∼350K as the p-region, and the optimally Ce-doped
La2CuO4, T’-phase (La1.89Ce0.11)CuO4 (LCCO), which
possesses the highest superconducting transition temper-
ature (30 K) in the T’-phase electron-doped cuprate su-
perconductor family [15, 16, 17] as the n-region. Both
LSMO and LCCO possess the carrier concentrations of
1021 cm−3 order [16, 17, 18, 21]. The junctions pos-
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FIG. 1: The I-V curves of the junctions with various
thickness of BST at 5 K. (a) The thickness of BST ∼5
nm which is much smaller than the critical thickness for
ferroelectricity[12, 13, 14, 19], the junction works as the con-
ventional single particle superconducting tunneling junction,
it gives an energy gap of 3.5 meV for the LCCO (inset of (a)).
(b-d) With increasing the thickness, the asymmetry enhances.
p-I-n junction forms, the largest rectification (> 104) is ob-
tained for BST∼25 nm (c). (e) The BST is thick as large as
100nm, it acts as a block ferroelectric layer to limit the leakage
current between p- and n-regions, the current shows Schot-
tky model in the low electric field(see the inset) and space-
charge-limited model in the high electric field (not shown in
the figure); (f)The role of the thickness (ferroelectric) of BST
layer on rectifying function in the present junction, the crit-
ical thickness for ferroelectricity of BST is ∼10 nm, the size
for the full ferroelectricity of BST is 20-25 nm.
sess the definite negligible reversed current, large reversed
voltage and ultrahigh rectification in the low bias voltage
and the temperature range of 5 to >300 K .
The p-I-n junctions of LCCO/BST/LSMO are pre-
pared by pulsed Laser deposition method on (001)
SrTiO3 (STO) substrate basically following the growth
conditions of LCCO, BST, and LSMO[18, 19, 20]. The
thickness of each layer is controlled by the number of the
pulse of the laser beam. The junctions (with both LSMO
and LCCO in ∼100 nm) with BST with thickness 5, 15,
25, 50, and 100 nm are designed. The whole junction
is in perfect epitaxial growth along (001) direction, no
structure defects are observed (Fig.2(a)). The intrinsic
evidence of ferroelectricity, the p-V hysteresis loops are
observed obviously for BST≥20 nm in the junction (the
inset of Fig. 3 (a)).
In such nanometer scale of BST, the thickness di-
rectly reflects the ferroelectricity, so the shape of I-V
curves of the junction directly depends on the thick-
ness of BST. Fig.1 (a-e) show the I-V curves of the
LCCO/BST/LSMO junctions with various thickness of
BST. It is clearly indicated that the ferroelectric plays
the key role on the rectifying function of p-I-n junc-
FIG. 2: (a) The high resolution TEM (HRTEM) image of
the cross section of the junction, shows the perfect epitax-
ial growth of (001)LSMO/(001)BST/(001)LCCO on (001)
SrTiO3 substrate, no defect are observed. (b) The schematic
of the energy band of the p-I-n junction, the energy band
bending occurs in the BST due to the formation of V0 within
it, no energy band bending occurs within the metallic p- and
n-regions, but there is a sharp bending in the interface due to
the formation of reversed polarized field Vrp of BST under the
bias voltage (there also should be a Schottky barrier in the
interface, but it is smaller than Vrp). (c) The sketch of the
junction. In order to get the forward current (electrons from
n-region to p-region) in the forward bias, it is designed to take
the external bias to be positive on n-region (LCCO) relative
to the p-region (LSMO). From (d) within the BST, the whole
barrier potential is the series of Vrp and V0 in several zones,
sum up, the Vrp − V0 promotes the forward current, and the
Vrp+V0 blocks the reversed current (as in the present case of
Fig.2(d)).
tion intrinsically based on V0 and Vrp, the V0 always di-
rects from LCCO (n-region) to LSMO (p-region) in the
junction[10], and blocks the motion of electrons from the
LCCO to LSMO. When we take the external bias voltage
to be positive in LCCO relative to LSMO, the reversed
polarized field Vrp of ferroelectric BST must direct from
LSMO to LCCO, and suppresses the V0, resulting in the
occurrence of the forward current from LCCO to LSMO.
In the reversed bias case, the direction of Vrp of BST is
the same as that of V0, then both Vrp and V0 take to-
gether to largely block the reversed current. So we can
conclude that the Vrp − V0 promotes the forward cur-
rent, and the Vrp + V0 blocks the reversed current of the
junction. As shown in Fig.2. By which, we present the
high resolution TEM image of the section , the schematic
of the energy band structure in the interface, and the
schematic of mechanism (and design) of such metallic p-
I-n junction. The role of the ferroelectric BST is clearly
presented.
3To further understand the current feature in such p-I-
n junctions, we make examination of the relation of the
forward current and bias voltage for the junction with
BST∼25nm as shown in Fig.1(c). It is shown in Fig.3
that below a bias voltage which is determined by using
the ln I ∼ V
1
2 , we obtained the relation of ln I ∝ V
1
2 , i.e.,
the current obeys the Schottky model[22], this critical
bias voltage can be considered to be the Schottky barrier
Vs, which is descended with increasing temperature (the
inset of Fig.3), from 1.15 V at 5 K to 0.98 V at 100 K,
i.e., below Vs, the current is limited by the Schottky emis-
sion though Vrp and V0 exist. In the higher bias voltage,
the current deviates from the Schottky model. When the
bias voltage is increased till > 2 V, the current seems still
not to approach the Space-charge-limited model caused
in heterostructure with conventional size of BST[22], the
current is completely dominated by Vrp and V0. So that
, the BST with thickness of 20∼25 nm in such junction
may not currently form space-charge-limited type current
unless in the higher bias voltage region. The p-I-n junc-
tion with BST∼20-25 nm is quite different from that with
BST with thickness >50 nm, for which, as shown above
the current respectively obeys the Schottky model in the
low bias voltage, and Space-charge-limited model in the
higher bias voltage. Therefore, based on this aspect, we
may make more complete conclusion that for configuring
the present p-I-n junction, the BST layer can not be too
thin since Vrp and V0 can not form when the BST is thin-
ner than a limitation of thickness (<10 nm); the BST can
not be too thick since the Schottky emission and Space-
charge-limited model will dominate the current of the
junction when BST is thicker than a limitation of thick-
ness (>50 nm). To form the optimal LCCO/BST/LSMO
p-I-n junctions, from the experimental data indicated
above, the thickness of BST should be 20-25 nm, for
which V0 and Vrp can form and can play dominated roles
in the suitable bias voltage region.
In order to reveal the ferroelectric role on the
LCCO/BST/LSMO junction further, we investigated the
temperature dependence of the rectifying function. Fig.
4(a) shows the temperature dependence of the I-V curve
shape of the LCCO/BST/LSMO junction with BST ∼
25 nm in the temperature range from 5 K to 300 K. Con-
trasting with the SrTiO3 switched semiconductor oxide
p-I-n junctions [7], it clearly indicates that the shape of
these I-V curves of the present p-I-n junctions is basi-
cally independent of the temperature. But the temper-
ature of rectifying function is needed to be investigated
carefully for the practical applications. For this kind of
p-I-n junctions, the bias voltage is of 1-2 volts, which
is much larger than the superconducting energy gap, so
these p-I-n junctions all work on the normal state trans-
port of LCCO, which doesn’t show strong temperature
dependence. Therefore, the temperature dependence of
the I-V curves of the junction should be basically caused
by the temperature dependence of the ferroelectricity of
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FIG. 3: The relation of ln I and V 1/2 for LCCO/BST/LSMO
with BST∼25 nm (from Fig.1(c)) at various temperature. In
the low electric field region the current obeys the Schottky
model; with increasing bias voltage, the current is just domi-
nated by Vrp and V0.
BST. Intrinsically,as indicated above, Vrp − V0 switches
the forward current, Vrp + V0 blocks the reversed cur-
rent. So the temperature dependence of the I-V curve
shape should originate from the temperature dependence
of V0 and Vrp. To define this, we characterize V0 and Vrp
in the following two critical points: the forward bias at
which the forward current starts to occur (the criterion is
1× 10−6 A at 5 K) is the value of Vrp−V0 ; the reversed
bias at which the reversed current starts to occur(the cri-
terion is 1×10−7 A at 5 K) is the value of sum of Vrp+V0.
Such two points can critically reveal the temperature de-
pendence of V0 and Vrp. At 5K, the forward current starts
to occur at the forward bias voltage of 1.5V; the reversed
current starts to occur at -7 V, and can be estimated by
using the relation that Vrp − V0= 1.5 V, Vrp + V0= 7 V
then Vrp= 4.25 V, V0= 2.75 V. By this way, every couple
of V0 and Vrp at each temperature can be defined and con-
cluded in Fig. 4(b). On the other hand, the rectification
of the junction with BST∼25 nm at various temperatures
also can be defined. At 5K, the forward current at the
forward bias of 2V is 4.5×10−5 A, the reversed current at
the reversed bias (-2 V) is 2.0×10−9 A, the rectification,
defined as ξ=forward current at +2 V/reversed current at
-2 V is 2.2×104. When the temperature is increased from
10 K to 80 K, the forward current at +2 V increased from
4.6×10−5 A to 7.6×10−5 A, the reversed current increase
from 2×10−9 A to 2.5×10−9 A. the rectification changes
from 2.3×104 to 3×104. At 100 K, the rectification has
a rather larger increase, up to 3.8×104. At 300 K, the
forward current is more than one order larger than that
at 100 K (the reversed current is in 10−8 A order) the
rectification keeps in a high value of 104. So the rectifica-
tion of the present p-I-n junctions shows obvious positive
temperature dependence in the temperature range up to
>300 K (the inset of Fig.4(b)) and the main contributor
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FIG. 4: (a) The I-V curves at various temperatures for the
LCCO/BST/LSMO p-I-n junction with BST∼25 nm shown
in Fig.1(c). it basically shows the temperature independence
of the shape of the I-V curves , the inset is the p-V hysteresis
loop of BST with thickness ∼ 25 nm examined at 300 K. (b)
The V0 and Vrp are estimated from (a), which have almost
the same temperature dependence, but the Vrp/V0 increases
with increasing temperature, this indicates that the positive
temperature dependence of rectification of the p-I-n junction
(shown in the inset) is mainly contributed by ferroelectric
reversed polarized field.
for this is Vrp. The big change of Vrp and V0 of the junc-
tion at ∼100 K may come from a phase transition of BST
in the junction with such nanometer size. This should be
examined further. But this big change does not make a
hindrance on the rectifying function of such p-I-n junc-
tion. Therefore, the ultrahigh rectification (> 104) and
its positive temperature dependence makes the present
metallic p-I-n junction to have rich power to satisfy the
requirements of the practical applications. It also indi-
cates that the BST with wide forbidden band of ∼3.5
eV [23] is a very suitable material to make oxide metallic
p-I-n junctions.
In conclusion the metallic oxide LCCO/BST/LSMO p-
I-n junctions consisting of three main kinds of functional
oxides are successfully made for the first time. Due to the
switch role of ferroelectric critically realized by double
barrier fields V0 and Vrp, this kind of p-I-n junctions with
BST∼20-25 nm show definite unique functions. Con-
trasting to the standard semiconductor p-n junctions,
for which there is no forward bias for starting the for-
ward current, and there is a finite reversed current[10],
the present metallic oxide p-I-n junctions possess defi-
nite forward bias voltage for starting the forward current
and possess the definite negligible reversed current, so
they are the real oxide diodes with strict switch func-
tion; contrasting to the semiconductor oxide p-n (p-I-n)
junctions for which the functions are to be defined, the
present metallic oxide p-I-n junctions possess definite ul-
trahigh rectifying function with positive temperature co-
efficient, for which the I-V curve shape is temperature
independent. All these functions of the metallic oxide
p-I-n junctions maintain in the temperature range of 5
to >300 K, making them to be real basic devices in the
field of oxide electronics.
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